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ABSTRACT
Cytokines play a crucial role in the modulation of inflammatory response in the gastrointestinal tract. Proinflammatory cytokines including tumor necrosis factor-α, interferon-γ, interleukin-1β (IL-1β), and interleukin-12 are essential in mediating the inflammatory response, while anti-inflammatory cytokines including interleukin-10 and transforming growth factor-β are important in the attenuation or containment of inflammatory process. It is increasingly recognized that cytokines have an important physiological and pathological effect on intestinal tight junction (TJ) barrier. Consistent with their known proinflammatory activities, pro-inflammatory cytokines cause a disturbance in intestinal TJ barrier, allowing increased tissue penetration of luminal antigens. Recent studies indicate that the inhibition of cytokine induced increase in intestinal TJ permeability has an important protective effect against intestinal mucosal damage and development of intestinal inflammation. In this review, the effects of various pro-inflammatory and anti-inflammatory cytokines on intestinal TJ barrier and the progress into the mechanisms that mediate the cytokine modulation of intestinal TJ barrier are reviewed.
INTRODUCTION
Gastrointestinal epithelial barrier consists of extracellular and intracellular factors that provide barrier function against epithelial penetration of noxious luminal substances (1, 2). The term intrinsic epithelial barrier refers to the physical barrier formed by the elements of intestinal epithelial cells including plasma membrane, intracellular contents and intercellular junctions (1). The apical plasma membrane and intercellular tight junctions form the primary intrinsic epithelial barrier against the luminal contents.
The bi-lipid composition of the enterocyte membrane provides an effective barrier against transcellular permeation of water soluble molecules; and the intercellular tight junctions (TJs), located at the apicalmost lateral membrane, act as a primary barrier against the paracellular permeation of luminal substances (1). In a normal healthy state, intestinal epithelial TJs provide an effective barrier against paracellular penetration of noxious substances and antigens present in the gastrointestinal lumen, including bacteria, bacterial toxins, bacterial byproducts, digestive enzymes, and degraded food products (1, 3). However, in diseased states, such as in Crohn's disease, ulcerative colitis, non-steroidal anti-inflammatory agent associated enteritis, heat stroke, alcoholic hepatitis, irritable bowel syndrome, and in bacterial infection caused by Escherichia coli, Clostridium difficile, and Vibrio cholera, intestinal TJ barrier is defective allowing increased paracellular permeation of normally excluded luminal antigens (1, 3). The "leaky" intestinal tight junction barrier allows increased antigenic penetration into the underlying intestinal tissue (Figure 1) (1, 3 ). The foreign antigens are then processed by the antigen presenting cells and helper Tlymphocytes and an inflammatory response is activated ( Figure 1) ; this leads to an increase in the production and secretion of pro-inflammatory cytokines and proinflammatory mediators and recruitment of circulating inflammatory cells.
The pro-inflammatory cytokines produced during inflammatory response, including tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), interleukin-1β (IL-1β) and IL-12, cause disruption of the intestinal TJ barrier resulting in a further increase in TJ permeability (1, 2, 4, 5). Thus, in addition to their direct effects on immune activation, pro-inflammatory cytokines also exacerbate inflammatory process by allowing increased intestinal permeation of luminal antigens (1, 4, 5). An intriguing possibility exists that anti-inflammatory cytokines such as interleukin-10 and transforming growth factor-β may also attenuate or protect against intestinal inflammation by preserving the TJ barrier function (6, 7).
Since the initial discovery by Madara and Stafford in 1989 that IFN-γ causes a disruption of intestinal epithelial TJ barrier function (8) , number of other cytokines have been found to modulate intestinal TJ barrier function (1, 2, 5). Both in-vitro and in-vivo studies have demonstrated the potential importance of cytokine-induced disruption of intestinal TJ barrier as a mechanism contributing to the development of intestinal inflammation (1, 4, 5, 9). Additionally, in-vivo studies have shown that therapeutic preservation of intestinal TJ barrier in animal models of intestinal inflammation prevents the development of intestinal inflammation (9), suggesting a direct causal linkage between TJ barrier defect and development of intestinal inflammation. Understanding the intracellular and molecular mechanisms that mediate the cytokine modulation of intestinal TJ barrier function will be important in developing future therapeutic strategies to preserve the intestinal TJ barrier function during inflammatory conditions. In this review, we summarize the effects of various cytokines in the modulation of intestinal epithelial TJ permeability. Although the primary focus of (14), by pending permission) this review is on intestinal epithelial TJ barrier, the studies in other cell types, including endothelial cells, are also discussed. The effects on IFN-γ and TNF-α are covered in a greater detail due to the large volume of studies related to these cytokines. (The readers are also referred to other excellent reviews on this topic (2, 4, 5)).
CYTOKINE MODULATION OF INTESTINAL EPITHELIAL TIGHT JUNCTION BARRIER
Interferon Gamma (IFN-γ)
Interferon Gamma is a prototypical proinflammatory cytokine (10) and is produced primarily by lymphocytes and by antigen presenting cells (dendritic cells, monocytes etc.). Macrophages are a major cellular target of IFN-γ ( Figure 1) ; the activation of macrophages by IFN-γ is a major stimulant to induce a "Th-1" type immune response (10). IFN-γ is important historically as it was the first cytokine shown to affect epithelial TJ barrier function (8). In 1989, Madara and Stafford (8) reported for the first time that IFN-γ causes an increase in epithelial TJ permeability in T84 human derived intestinal epithelial monolayers. The IFN-γ treatment caused a dose-and timedependent decrease in T84 trans-epithelial resistance (TER) and an increase in transepithelial permeability to extracellular markers mannitol and inulin. They showed that the drop in TER was attributable entirely to an increase in TJ permeability by performing a unidirectional dual flux analysis using 22 A number of investigators have described the effects of IFN-γ on tight junction protein levels and cellular localization. Nusrat and colleagues in a series of elegant studies described macropinocytosis of tight junction proteins (occludin, JAM-A, claudin-1) as a potential mechanism through which IFN-γ exerts its TJ barrier disrupting effects (13, 14) (Figure 2 ). Using confocal microscopy, these investigators demonstrated that IFN-γ induces an uptake of occludin protein from junctional complexes into early endosomes through macropinocytosis. In a separate report, they showed that internalization of occludin and claudin-1 colocalizes with large actin-coated vacuoles by confocal microscopy. The inhibitors of clathrin or caveolin mediated endocytic pathways did not affect the TJ protein endocytosis. The IFN-γ induced macropinocytosis required myosin light chain (MLC) phosphorylation. Additionally, the IFN-γ induced TJ protein endocytosis and drop in T84 TER also required activation of Rho kinase (15) . Thus, it was concluded that macropinocytosis of TJ proteins may be an important mechanism mediating the IFN-γ modulation of TJ barrier. Other investigators have also examined the effects of IFN-γ on specific TJ proteins. Several investigators have shown that IFN-γ causes a decrease in claudin-2 expression (16) (17) (18) . Willemsen et al suggested that serine protease cleavage of claudin-2 may lead to the decrease in claudin-2 expression (18) , as inhibition of serine proteases protected against IFN-γ induced decrease in claudin-2 and TJ barrier disruption.
The intracellular signaling pathways that mediate the IFN-γ effect on TJ barrier have been reported by several laboratories. It has been shown that IFN-γ induced barrier disruption was not mediated by cellular necrosis or apoptosis (8, 19) . While STAT-1 is an important signaling molecule for IFN-γ, and is activated in T84 cells, the inhibition of STAT-1 activation did not prevent the IFN-γ induced drop in TER, suggesting that STAT-1 pathway is not involved in TJ barrier regulation (20) . Studies from our laboratory indicated that the IFN-γ induced increase in T84 TJ permeability was associated with an activation of PI3-kinase pathway; and that the IFN-γ induced drop in TER or increase in paracellular permeability was inhibited by PI3-kinase inhibition (21) . The PI3-kinase activation caused a delayed activation of NF-κB. The IFN-γ induced increase in T84 TJ permeability and decrease in occludin protein expression was inhibited by blockade of either PI-3 kinase or NF-κB pathways (21) . Similarly, McKay et al also reported that IFN-γ induced increase in TJ permeability and bacterial translocation was inhibited by PI3-kinase inhibitors (22) . Together, these studies suggested that PI3-kinase or NF-kB pathways (but not STAT-1 pathway or apoptosis) may be involved in IFN-γ induced modulation of T84 TJ barrier.
IFN-γ also causes an increase in TJ permeability in other intestinal epithelial cell lines including HT-29 and Caco-2 cells (23) . Various anti-inflammatory agents including green tea (24), IL-10 (6), TGF-β (25) and 5-ASA (23) have been shown to have a barrier protecting effect on the IFN-γ induced barrier disruption of T84 monolayers. Other factors potentiate the IFN-γ effect on intestinal TJ barrier including TNF-α (26) and hypoxia. IFN-γ treatment also induces an increase in permeability in various other epithelial cell types including retinal (27) , cholangiocyte and lung epithelial cells (28) .
Animal models of epithelial barrier dysfunction have also provided important supporting evidence for the role of IFN-γ in causing an increase in intestinal permeability. In IL-10 knockout mice, the increase in intestinal permeability correlated with an increase in intestinal tissue levels of IFN-γ (29), (30) . Similarly, total parenteral nutrition (TPN) administration induced increase in mouse intestinal permeability also correlated with an increase in IFN-γ expression (31) . The TPN induced increase in intestinal permeability was attenuated in an IFN-γ knockout mouse (32) , indicating that IFN-γ expression was required for the increase in intestinal permeability. In a mouse model of stress-induced increase in mouse colonic permeability, IFN-γ expression was also required for the increase in colonic permeability (33) . Similarly, septic or hemorrhagic shock induced increase in intestinal permeability in mice was also associated with increased levels of IFN-γ (34) . The administration of IFN-γ antibodies protected the mice from developing hemorrhagic shock induced intestinal barrier disturbance (35) . Two models of obese, leptin deficient mice also have an increase in intestinal permeability and elevated IFN-γ levels (36) . Collectively, these in-vivo studies suggested that IFN-γ may play an important pathogenic role in disruption of intestinal TJ barrier under a variety of clinically relevant conditions.
Tumor Necrosis Factor-α (TNF-α)
Tumor necrosis factor -α was originally described as a circulating factor that causes necrosis of tumors, but has since been identified as a key regulator of the inflammatory response (37) (38) (39) (40) (41) . TNF is produced predominantly by activated macrophages and T lymphocytes as a 26 kDa protein, pro-TNF, which is expressed on the plasma membrane. The pro-TNF is cleaved in the extracellular domain and released as a soluble 17 kDA TNF-α. Both membrane-associated and soluble TNFs are active in their trimeric forms, and the two forms of TNF may have distinct biological activities. TNF-α is usually not detectable in healthy individuals, but elevated serum and tissue levels are found in inflammatory and infectious conditions and serum levels correlate with the severity of infection and inflammatory response (40) . All known responses to TNF-α are triggered by binding to one of two distinct receptors , designated TNFR1 (also known as TNFRSF1A, CD120a, p55) and TNFR2 (also known as TNFRSF1B, CD120b, p75), which are differentially regulated on various cell types in normal and diseased tissue (42) . Both the pro-inflammatory and the programmed cell death pathways that are activated by TNF-α are mediated through TNFR1 (40, 43) .
Number of studies has shown that TNF-α causes an increase in epithelial TJ permeability in various cell types. In 1993, Mullin et al. first reported that TNF-α causes a decrease in transepithelial resistance (TER) in renal epithelial cell line, LLC-PK1 (44) . The TNF-α-induced drop in TER was dose dependent (5-50 ng/ml) and correlated with an increase in transepithelial flux of paracellular marker mannitol. The TNF-α induced decrease in LLC-PK1 TER was inhibited by TNF-α antibody, confirming that TNF-α itself was responsible for the drop in TER. Since this initial report in LLC-PK1 cells, number of other studies have shown that TNF-α causes an increase in TJ permeability in intestinal epithelial monolayers. In human derived intestinal epithelial cell line Caco-2, TNF-α caused a dose-and time-dependent decrease in Caco-2 TER (45, 46) . The initial drop in Caco-2 TER occurred after 12 h and the maximal drop occurred at 48-72 h (45, 46) . The drop in Caco-2 TER linearly correlated with an increase in epithelial permeability to paracellular marker inulin (m.w.= 5000 g/mol) (46) , confirming an inverse relationship between TNF-α effect on TER and paracellular permeability. Similarly, TNF-α also caused an increase in TJ permeability in T84 and HT-29/B6 intestinal epithelial monolayers (26, 47) . The TNF-α effect on HT-29/B6 monolayers was more dramatic than in other intestinal cell lines, and TNF-α treatment resulted in an 81% drop in TER over a 24 h treatment period. The morphologic evaluation of the TJ complex using freeze-fracture analysis revealed a decrease in the number and the depth of TJ strands and alteration in TJ complexity in response to TNF-α treatment. The tyrosine kinase inhibitor, genistein, and protein kinase A (PKA) inhibitor, H-8, attenuated the effect of TNF-α on HT-29/B6 TJ permeability, suggesting that tyrosine kinases and PKA may be involved in mediating the TNF-α regulation of TJ barrier function (47) .
In studies from our laboratory, we elucidated some of the intracellular and molecular mechanisms that mediate the TNF-α regulation of intestinal TJ permeability (46, 48, 49) . The time-course of TNF-α-induced increase in Caco-2 TJ permeability closely correlated with an increase in myosin light-chain kinase (MLCK) protein expression and activity (48) ; and the inhibition of TNF-α induced increase in MLCK protein synthesis (cycloheximide) or MLCK activity (ML-7 or ML-9) inhibited the TNF-α induced increase in Caco-2 TJ permeability. These results suggested that the TNF-α induced increase in MLCK protein expression and activity were required for the increase in TJ permeability. The TNF-α increase in MLCK protein expression was associated with an increase in MLCK mRNA level but not a decrease in protein degradation; and inhibition of MLCK mRNA transcription prevented the increase in Caco-2 TJ permeability (48) , suggesting that the TNF-α increase in MLCK expression and TJ permeability was mediated in part by MLCK gene transcription. In subsequent studies, the TNF-α effect on MLCK gene activity was determined by MLCK promoter analysis (49) . In these studies, MLCK promoter region was cloned into a pGL3 basic plasmid vector, and transfected into Caco-2 cells, and the TNF-α effect on MLCK promoter activity was determined. The TNF-α treatment resulted in an increase in MLCK promoter activity in the transfected Caco-2 monolayers (49) . The TNF-α induced increase in MLCK promoter activity and increase in MLCK protein expression and TJ permeability were mediated in part by activation of nuclear transcription factor NF-κB (48, 49) . The TNF-α induced increase in MLCK gene activity and protein expression was preceded by activation of NF-κB; and inhibition of NF-κB activation prevented the increase in MLCK gene and protein expression and Caco-2 TJ permeability. By targeted gene deletion and sitedirected mutagenesis of MLCK promoter region, the molecular determinants that mediate the TNF-α regulation of MLCK promoter activity was also delineated (50) . These studies indicated that a κB binding site (cis-κB site) located within the minimal MLCK promoter region was an essential element mediating the NF-κB activation of MLCK gene activity (50) . Together, these studies demonstrated that the TNF-α induced increase in Caco-2 TJ permeability was mediated in part by activation of nuclear transcription factor NF-κB (Figure 3) . The activated NF-κB translocates to the nucleus, binds to the cis-κB binding site on MLCK promoter region, and activates the MLCK gene transcription and protein synthesis process (Figure 3) . The increase in MLCK protein level and activity results in MLCK-triggered opening of the TJ barrier.
TNF-α is known to have dual effects on cell survival and cell death via selective activation of NF-κB or caspase pathways, respectively (51) . The possibility that the TNF-α induced increase in intestinal epithelial permeability may be related to its effect on epithelial cell apoptosis has been explored by several laboratories (52, 53) . It has been postulated that the TNF-α induced apoptosis of intestinal epithelial cells may cause a large gap or opening between adjacent intestinal epithelial cells; leading to an increase in permeation through the epithelial gaps caused by the dying cells (53). Gitter et al. reported that TNF-α causes a 2-fold increase in apoptosis of HT-29/B6 intestinal cells. By measuring electrical conductance across the epithelial region in which intestinal cells were undergoing apoptosis, they concluded that 56% of TNF-α induced increase in epithelial permeability in HT-29/B6 monolayers could be accounted for by the increase in cellular apoptosis (53) . This finding challenges the earlier reports which demonstrated that epithelial cell apoptosis is a highly regulated process in which the epithelial barrier function is maintained throughout the extrusion or clearance of apoptotic cell (54) (55) (56) . It had been previously reported by Madara that the healthy adjacent cells rapidly stretch out and maintain epithelial barrier function throughout the extrusion of dying cells (Figure 4) (54, 56, 57) . Consistent with such coordinated extrusion process, it has been demonstrated that mechanically induced single cell defects in the epithelial surface are rapidly repaired by extensions of adjacent cells via an actin/myosin contractile 'purse-string' mechanism (52, 53, 58, 59) . The rapid restitution of single cell defect by purse-string extension of adjacent cells was associated with establishment of intact TJ barrier (52) . Additional evidence against the role of apoptosis included the finding that the TNF-α induced increase in Caco-2 TJ permeability was not associated with an increase in Caco-2 cell apoptosis (45, 46) . In Caco-2 monolayers, TNF-α induced increase in TJ permeability required an activation of NF-κB, an anti-apoptotic factor (46) . Breuewer et al. also examined the role of apoptosis in TNF-α/IFN-γ induced increase in T84 TJ permeability (19) . In T84 monolayers, TNF-α and IFN-γ combination treatment for 72 h caused a marked increase in TJ permeability (19) . The TNF-α/IFN-γ treatment caused a 3-fold increase in T84 cell apoptosis; however, the inhibition of TNF-α/IFN-γ-induced apoptosis with pharmacologic inhibitor z-val-ala-asp-fluoromethylketone did not affect the increase in TJ permeability (19) . Breuewer et al. concluded that these findings clearly "separate the proapoptotic effects of IFN-γ and TNF-α from their ability to disrupt barrier function" (19) . While the precise contribution of TNF-α induced apoptosis to the observed increase in epithelial TJ permeability remains to be further elucidated, above reports suggest that apoptosis is not TNF-α also causes an increase in endothelial permeability. The TNF-α induced increase in human pulmonary microvascular endothelial permeability has been shown to be associated with the activation of Rho kinase (60) . The inhibition of Rho kinase activity by pharmacological inhibitor, Y27632, prevented the TNF-α-induced alteration of actin cytoskeleton and increase in endothelial permeability, suggesting that the TNF-α effect on endothelial barrier function was mediated in part by Rho kinase pathway (60) . Similarly, Nwariaku et al. also reported that Rho kinase activation was required for the TNF-α-induced increase in MAPK activity and increase in endothelial permeability (61) . Others have implicated MLCK in mediating the endothelial permeability (62) . In contrast, McKenzie and Ridley reported that the TNF-α increase in endothelial permeability was unrelated to Rho or MLCK mediated cytoskeletal contractile process but was associated with an alteration in junctional localization of transmembrane proteins occludin and JAM-A (63). Similar to the studies described above for TNF-α, the cytokine combination (TNF-α and IFN/γ) induced increase in Caco-2 BBE TJ permeability also required an increase in MLCK protein expression and activity (64) . The TNF-α/ IFN-γ combination induced increase in T84 TJ permeability also correlated with an internalization of apical junctional complex (AJC) including junction adhesion molecule 1 (JAM-1), occludin, and claudin-1 and 4. The treatment with TNF-α/IFN-γ caused a timedependent drop in T-84 TER over a 72 h experimental period and the drop in TER correlated with a disruption in the junctional localization of tight junction proteins occludin, claudin 1, claudin 4 and JAM-1. The tight junction proteins were internalized in detergent-insoluble "raft-like" membrane microdomains (65, 66) . Similarly, Turner and co-workers have also shown that LIGHT ( lymphotoxin-like inducible protein that competes with glycoprotein D for herpes virus entry on T cells), a member of TNF core family, and IFN-γ combination induced increase in intestinal epithelial permeability in-vivo and invitro was associated with a caveolin-1-dependent endocytosis of junctionally located occludin (9). The inhibition of occludin endocytosis prevented the LIGHT/ IFN-γ induced increase in intestinal TJ permeability, suggesting that occludin endocytosis may be an important mechanism mediating the LIGHT/ IFN-γ modulation of intestinal TJ barrier function (9).
Interleukin-1 β (IL-1β)
IL-1β is a pro-inflammatory cytokine released by various immune modulating cells and has been shown to play an important role in the pathogenesis of intestinal inflammation in inflammatory bowel disease (IBD) (67, 68) . IL-1 family consists of three members IL-1α, IL-1β and IL-1 receptor antagonist (IL-1ra) (67, 69) . IL-1β is synthesized initially as a 31 kD biologically inactive propeptide which is released as the mature active (17 kD) peptide following cleavage by IL-1 converting enzyme (ICE) (70) . IL-1β levels are markedly elevated in intestinal tissues in patients with IBD (71, 72) , and correlation between increasing levels of IL-1β and the level of intestinal inflammation has been demonstrated (73) . Recent studies have shown that IL-1β at physiologically relevant concentrations (1-10 ng/ml) causes an increase in intestinal epithelial TJ permeability (74) . IL-1β caused a time dependent drop (0-72 h) in Caco-2 transepithelial resistance which correlated with an increase in paracellular permeability (inulin flux) (74) . The IL-1β induced increase in Caco-2 TJ permeability appeared to be modulated in part by regulation of MLCK gene activity. The IL-1β induced increase in Caco-2 TJ permeability was preceded by an increase in MLCK mRNA and protein levels; and targeted inhibition of IL-1β induced MLCK mRNA or MLCK protein expression prevented the increase in TJ permeability (75) . IL-β also caused an increase in retinal pigment and pulmonary epithelial TJ permeability and alteration in TJ protein expression (76, 77) . The IL-1β induced increase in retinal pigment epithelial TJ permeability was associated with a down-regulation of occludin protein and increase in claudin-1 expression (76) . Other investigators have also shown that IL-1β causes an increase in claudin-2 expression and hyperphosphorylation of occludin in rat hepatocytes, a decrease in occludin expression and increase in claudin-1 expression in human astrocytes, and a decrease in occludin expression in Caco-2 cells (74, 78, 79) . IL-1β also caused an increase in pulmonary epithelial permeability (80) . IL-1β (100 ng/ml) treatment of pulmonary epithelial monolayers resulted in a drop in TER and increase in dextran flux rate over a 48 h treatment period (80) . IL-1β has also been implicated to cause an increase in porcine brain capillary endothelial permeability during hypoxia (77) . Yamagata et al. showed that hypoxia caused a time-dependent decrease in the TER in brain capillary endothelial monolayers. The hypoxiainduced decrease in TER was inhibited by anti-IL-1 antibody (77) .
Interleukin-2 (IL-2)
Interleukin-2 is produced by CD4+ lymphocytes, and is a potent T-lymphocyte growth factor (81) . IL-2 treatment did not affect T84 monolayer TER. (8). Similarly; IL-2 treatment also did not affect the TER of cholangiocytes (82) . The administration of intravenous IL-2 to humans also did not affect intestinal permeability as assessed by lactulose/mannitol flux rates (83) . Interestingly, IL-2 administration to sheep causes a severe capillary leak syndrome with increased pulmonary capillary permeability (84) . This increase in capillary permeability was also confirmed in humans using conductivity measurements (85) . Further studies are needed to better clarify the effects of IL-2 (if any) on epithelial and endothelial TJ permeability.
Interleukin-4 (IL-4)
Interleukin 4 is an important cytokine that mediates the profile of cytokine production of CD4+ helper T-cells towards a Th2 paradigm cytokine response. IL-4 also induces B-cell activation (86) and IL-10 secretion. It is considered a major mediator of allergic diseases. IL-4 has been shown to cause an increase in epithelial permeability in various cell types. IL-4 treatment of intestinal T84 monolayers caused a 60% decrease in TER at 24 hours and an increase in the transepithelial flux of Dextran 4000 (17) . The IL-4 induced decrease in T84 TER was prevented by PI3-kinase inhibitors wortmannin and LY294002 (87) . The IL-4 induced increase in T84 TJ permeability was also shown to be associated with an increase in the expression of claudin-2. The IL-4 induced drop in TER was inhibited by TGF-beta (88) . Together, these results suggested that the IL-4 effect on T84 TJ barrier may be mediated by activation of PI3-kinase and modulation of claudin-2 expression. IL-4 treatment of kidney glomerular visceral epithelial cells also resulted in a drop in TER but did not effect transepithelial flux of horseradish-peroxidase or mannitol (89) . In keratinocyte epithelial sheets, IL-4 caused an increase in the trans-epithelial flux of dextran-4000 but had no effect on TER (90) . In human umbilical vein endothelial cells, IL-4 treatment resulted in an increase in paracellular permeability to albumin that was present within 6 hours of treatment (91) . In animal models, intraperitoneal IL-4 caused a decrease in mouse intestinal tissue TER (measured in an Ussing chamber).
STAT-6 (the primary transcription factor induced by IL-4) knockout mice were protected from this effect (92) suggesting a role for STAT6 signaling in-vivo.
Interleukin-6 (IL-6)
Interleukin-6 is a potent pro-inflammatory cytokine of the Th1 paradigm, secreted by various cell types (including intestinal epithelial cells and liver cells) in response to pro-inflammatory stimuli, particularly TNF-α and IL-1β (93) . It had been reported by Tazuke et al. that IL-6 causes a drop in TER at 72 hours and an increase in permeability to mannitol in Caco-2 monolayers (94) . However, in a subsequent study, Sitaraman and co-workers showed that IL-6 treatment of Caco-2 monolayers caused a decrease in paracellular flux of Dextran-4000 (95). They also reported that IL-6 knockout mice had a greater increase in intestinal absorption of Dextran 4000 when colitis was induced by to Dextran Sulfate (DSS), and concluded that IL-6 had a barrier protective effect. IL-6 induced up-regulation of Keratin 8 and 18 was postulated as a possible mechanism of barrier protection (95) . In a mouse hemorrhage/reperfusion model, oral IL-6 reduced the incidence of bacterial translocation to mesenteric lymph nodes (96, 97) . However, not all in-vivo studies have found a barrier protective role for IL-6. In a hemorrhagic shock / reperfusion model (98) and in a sepsis model in mice (99), IL-6 knockout mice were protected from having an increase in intestinal permeability. IL-6 knockout mouse also had less bacterial translocation to mesenteric lymph nodes. Wang et al. suggested that IL-6 knockout mice may be protected from sepsis-induced barrier disruption by over production of IL-10. The effects of IL-6 on epithelial permeability remain controversial and may depend on the specific cell type or model system being studied. Further studies are necessary to better clarify the regulatory role of IL-6 on epithelial barriers.
Interleukin-10 (IL-10)
IL-10 is primarily secreted by T-cells in response to stimulation by IL-4 and is considered an important anti-inflammatory cytokine (100). Although IL-10 does not appear to affect basal epithelial barrier function, it appears to be protective against TJ barrier disturbance. In T84 monolayers, IL-10 has been shown to prevent the IFN-γ induced increased in paracellular permeability to mannitol and inulin (6). Similar findings have been reported in endothelial cells (30) .
IL-10 knockout mice have been widely utilized as an immune-induced model of inflammatory bowel disease (29) . These mice develop intestinal inflammation in the presence of bacterial flora (29) or when treated with the non-steroidal antiinflammatory drug piroxicam (101) . An increase in intestinal permeability (as measured by lactulose and mannitol absorption) precedes the histologic signs of intestinal inflammation by several weeks in the IL-10 knockout mouse (29) . These data suggested a barrier protective role for IL-10, and support the hypothesis that the defective intestinal barrier plays a key pathogenic role in the development of intestinal inflammation. Increased expression of IL-10 has also been suggested as a mechanism that protects IL-6 knockout mice from sepsis or hemorrhage induced intestinal barrier disruption (98, 99) . In a sepsis mouse model of cecal ligation-puncture, intraperitoneal IL-10 treatment abolished the sepsis-induced increase in intestinal epithelial permeability to dextran-4000 and Horseradish peroxidase (99) . These investigators showed that the induction of a heat shock response was protective against sepsis induced intestinal barrier disruption; the barrier protective effect of the heat shock response appeared to be mediated by heat shock protein induction of IL-10 (102). IL-10 knockout mice have also been shown to have a disturbance of intrahepatic TJs, with alterations in ZO-1 and claudin-1 localization (103) . Increased expression of IL-10 also attenuated the increases in lung epithelial permeability in a model of lung injury (104) . In a TPN induced intestinal barrier dysfunction model in mice, TPN caused an increase in intestinal permeability to mannitol and bacterial translocation that was associated with decreased epithelial cell production of IL-10 (105). IL-10 treatment reversed the TPN-induced barrier defect. The disruption of the epithelial barrier by TPN was also associated with a loss of ZO-1, E-cadherin and occludin, and was prevented by treatment with exogenous IL-10 (105). In summary, above studies suggested that IL-10 has an important barrier protective effect against various models of intestinal epithelial barrier damage.
Interleukin-11 (IL-11)
Interleukin-11 has been shown to be protective against inflammation in rodent models of colitis (HLA-B27 rats, TNBS colitis) but its direct effects on the epithelial barrier remain unclear. IL-11 inhibited the Clostridium difficile toxin induced increase in small intestinal permeability but did not affect cholera toxin induced increase in intestinal permeability. (106).
Interluekin-13 (IL-13)
Interleukin-13 is structurally very similar to IL-4 and shares many common effects (107) . IL-13 treatment of T84 monolayers caused a decrease in TER (108) (16) and an increase in trans-epithelial flux rate of Dextran 4000. IL-13 also caused a decrease in TER in HT-29 cells (109) . The IL-13 induced increase in TJ permeability was associated with an increase in claudin-2 levels in both T84 and HT-29 monolayers (16, 109) . IL-13 has also been shown to increase bacterial translocation of E.Coli across HT-29 monolayers (110) . The IL-13 induced increase in claudin-2 expression and TJ permeability was associated with an increase in AKT activation, and was blocked by the PI-3kinase inhibitor LY294002 (16) . IL-13 induced increase in mouse intestinal permeability required STAT6 activation (92) . However in a T84 in-vitro model system, the increase in permeability did not require STAT6 activation (111) . In the human lung epithelial cell line CaluIII, IL-13 also caused an increase in epithelial permeability and a decrease in expression of ZO-1 and occludin (112) .
Interleukin 15 (IL-15)
Interleukin-15 has been shown to cause a modest increase (10%) in the trans-epithelial resistance in T84 intestinal monolayers (113) and accelerate the development of barrier formation. IL-15 induced barrier enhancing effect was associated with a two-fold increase in the expression of TJ proteins occludin, ZO-1, ZO-2, claudin-1 and claudin-2 (114). This was also associated with an increase in junctional localization of TJ proteins and an increase in occludin phosphorylation.
Interleukin-17 (IL-17)
Interleukin-17 accelerated the development of a TJ barrier in T84 monolayers and caused an increase in TER and decrease in paracellular permeability to mannitol (115) . This barrier enhancing effect was associated with an increase in MEK and phospo-ERK1 levels, and was inhibited by the ERK inhibitor PD98059. IL-17 induced activation of MEK and ERK was accompanied by an increased expression of claudin-2. The increase in claudin-2 expression was also inhibited by PD98059 (115) . Thus it appears that IL-17 enhancement of the epithelial TJ barrier may be mediated by ERK activation.
Other Interleukins
As far as we are aware, there are no published reports supporting a role for interleukin-3, 5, 7,8 (now considered a chemokine), 9 12,14, 16 or 18-35 in regulating TJ permeability.
Interferon alpha and beta (IFN-α and IFN-β)
Interferons were originally described for their ability to "interfere" with replication of viruses. Currently they are divided into subtypes: Type I interferons (principally IFN-α&β) and Type II (principally IFN-γ) (10). The two subtypes have different receptors and are structurally unrelated (10). IFN-α is frequently given to humans as treatment for several illnesses (including hepatitis C and renal cell carcinoma), and is known to induce a capillary leak syndrome (116) . The effect of interferon alpha and beta on permeability has been studied in only a limited manner. Interferon-alpha has been shown to cause an increase in the TER of LLC-PK1 renal epithelial cells (117) . This effect was associated with an increase in expression and junctional localization of occludin (117) . The IFN-α enhancement of TJ barrier function appeared to be mediated in part by an increase in activation of the ERK pathway (117) . Animal studies have also suggested a beneficial role for IFN-α in colitis, whether this is mediated through barrier protective mechanisms is unknown (118) . Interferon-beta (IFN-β) had no effect on TER or transcytosis of the marker Rho-123 when studied in Caco-2 cells (119).
Transforming Growth Factor alpha (TGF-α)
The results of studies examining the effect of TGF-α on intestinal epithelial function have been conflicting. Investigators have reported conflicting results regarding possible protective effect of TGF-α on oxidant induced disruption of Caco-2 TJ barrier function. Forsyth et al reported that TGF-α inhibition (with anti TGF-α antibody) prevented the oxidant induced increase in Caco-2 epithelial permeability (7), while, Rao et al reported the opposite to be the case (120).
Transforming growth factor beta (TGF-β)
TGF-β appears to cause an enhancement in intestinal epithelial TJ barrier function and protects against TJ barrier disruption. TGF-β has been shown to cause an increase in basal TER in T84 monolayers (25) . TGF-β was protective against T84 barrier disruption caused by various noxious agents including IFN-γ, enterohemorrhagic E.Coli (121) and cryptosporidium (122) . The TGF-β enhancement of TJ barrier function has been suggested to be mediated by the ERK or PKC pathways. Howe et al. also showed that the TGF-β induced increase in T84 TER was associated with an increase in claudin-1 expression (121) . In other cell types, TGF-β has been suggested to have a disruptive effect on the TJ barrier. In breast epithelial cells, TGF-β prevented dexamethasone induced formation of tight junctions by inhibiting junctional localization of ZO-1 protein (123) . In sertoli cells of the testes, TGF-β disrupted the epithelial barrier by decreasing the expression of occludin, ZO-1 and claudin-11 (124) . Thus, the effect of TGF-β on the tight junction barrier may be tissue specific.
SUMMARY AND PERSPECTIVE
Cytokines play an important role in the modulation of intestinal epithelial TJ barrier. The proinflammatory cytokine induced increase in intestinal TJ permeability appears to be an important pathogenic mechanism contributing to the development of intestinal inflammation; and therapeutic preservation of intestinal TJ barrier has been shown to prevent the development of intestinal inflammation. Most pro-inflammatory cytokines including IFN-γ, TNF-α, IL-12 and IL-1β cause an increase in TJ permeability, while some anti-inflammatory cytokines such as IL-10 and TGF-β protect against the disruption of intestinal TJ barrier and development of intestinal inflammation. These findings raise the possibility that increasing the tissue level of barrier protective cytokines could be a potential strategy to preserve the TJ barrier and also prevent intestinal inflammation. There have been some but limited advances in delineating the intracellular mechanisms that mediate the cytokine modulation of TJ barrier. The IFN-γ induced increase in intestinal epithelial TJ permeability appears to be mediated in part by endocytosis of TJ proteins ( Figure 2) ; while TNF-α effect on TJ barrier appears to be mediated primarily through activation of MLCK gene activity and increase in MLCK protein expression (Figure 3) . The endocytosis of occludin protein (via a calveolin-1 dependent mechanism) also appears to be important in mediating the LIGHT and IFN-γ induced increase in intestinal epithelial permeability in-vivo. For most of the cytokines, the intracellular and molecular mechanisms that mediate the alteration in TJ permeability have not been well elucidated. An important emerging concept is that the cytokines modulate intestinal TJ barrier by distinct intracellular mechanisms and signaling pathways and that inhibition of cytokine induced disturbance in intestinal TJ barrier is an important therapeutic strategy to prevent or attenuate intestinal inflammation.
There remains an important opportunity for future investigation into this highly clinically relevant and potentially fruitful area of research. 
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